The Brunner's glands of the proximal duodenum exert barrier functions through secretion of glycoproteins and antimicrobial peptides. However, ion transporter localization, function, and regulation in the glands are less clear. Mapping the subcellular distribution of transporters is an important step toward elucidating trafficking mechanisms of fluid transport in the gland. The present study examined 1) changes in the distribution of intestinal anion transporters and the aquaporin 5 (AQP5) water channel in rat Brunner's glands following second messenger activation and 2) anion transporter distribution in Brunner's glands from healthy and disease-affected human tissues. Cystic fibrosis transmembrane conductance regulator (CFTR), AQP5, sodium-potassium-coupled chloride cotransporter 1 (NKCC1), sodium-bicarbonate cotransporter (NBCe1), and the proton pump vacuolar ATPase (V-ATPase) were localized to distinct membrane domains and in endosomes at steady state. Carbachol and cAMP redistributed CFTR to the apical membrane. cAMP-dependent recruitment of CFTR to the apical membrane was accompanied by recruitment of AQP5 that was reversed by a PKA inhibitor. cAMP also induced apical trafficking of V-ATPase and redistribution of NKCC1 and NBCe1 to the basolateral membranes. The steady-state distribution of AQP5, CFTR, NBCe1, NKCC1, and V-ATPase in human Brunner's glands from healthy controls, cystic fibrosis, and celiac disease resembled that of rat; however, the distribution profiles were markedly attenuated in the disease-affected duodenum. These data support functional transport of chloride, bicarbonate, water, and protons by second messengerregulated traffic in mammalian Brunner's glands under physiological and pathophysiological conditions. ion transporters; Brunner's glands; regulated traffic DUODENAL BRUNNER'S GLANDS are distinct structures consisting of clusters of serous cells and branching tubules that are located in the submucosal layer of the proximal duodenum in mammals. Brunner's glands are innervated by cholinergic vagal and polypeptidergic nerves that release vasoactive intestinal peptide (VIP) (42, 54, 68) . The glands were thought to be either an extension of the pyloric glands or an accessory pancreas because they first appear at the pyloro-duodenum junction and extend along the proximal-distal duodenal axis in decreasing abundance up to the entry site of the biliary/ pancreatic duct. Brunner's glands arise from the base of the crypts in 19-day-old rat embryos (29, 51). The ducts of the glands drain into the base of crypts in rats and humans and into the duodenal lumen in cats (58, 105).
ion transporters; Brunner's glands; regulated traffic DUODENAL BRUNNER'S GLANDS are distinct structures consisting of clusters of serous cells and branching tubules that are located in the submucosal layer of the proximal duodenum in mammals. Brunner's glands are innervated by cholinergic vagal and polypeptidergic nerves that release vasoactive intestinal peptide (VIP) (42, 54, 68) . The glands were thought to be either an extension of the pyloric glands or an accessory pancreas because they first appear at the pyloro-duodenum junction and extend along the proximal-distal duodenal axis in decreasing abundance up to the entry site of the biliary/ pancreatic duct. Brunner's glands arise from the base of the crypts in 19-day-old rat embryos (29, 51) . The ducts of the glands drain into the base of crypts in rats and humans and into the duodenal lumen in cats (58, 105) .
The factors that mediate secretion from duodenal crypt and villus epithelial cells are better understood than those regulating Brunner's gland acinar cells (23) . Secretion of glycoproteins, trypsin inhibitors, and antimicrobial peptides including lysozyme was demonstrated in a number of studies indicating an important role for the gland in duodenal epithelial barrier functions (Tables  1 and 2 ) (9, 16, 46) . Acetylcholine and VIP stimulate the secretion of epidermal growth factor from Brunner's glands (44) that can inhibit gastric acid secretion (10) . Similarly, secretion of insulinlike growth factor 1 (88) promotes immunological defense, cellular proliferation, and differentiation and contributes factors that promote pancreatic secretions (50) .
In contrast to its demonstrated role in mucus secretion and barrier functions, little is understood regarding ion transport functions of Brunner's glands. Early studies of mammalian duodenum suggested that alkaline secretions originated from the gland (24) . Bicarbonate transport proteins are present in Brunner's glands (2, 6, 40, 76) , but direct evidence for bicarbonate secretion emanating from the gland has not been provided. The cellular architecture of mammalian proximal duodenum in higher species is complex and comprised of distinct ion-transporting epithelial cell types (Brunner's glands, crypt, and villus) that presents a challenge for functional isolation of Brunner's glands. Moreover, duodenal villus epithelial cells secrete bicarbonate (93, 94, 110) and possess similar transporters to the Brunner's glands (Table 3) . cAMP and gastrointestinal hormones including VIP, secretin, gastric inhibitory peptide, and CCK have been shown to stimulate bicarbonate secretion in the proximal duodenum but not specifically from the Brunner's glands (22, 45, 114) . Secretion was reported in isolated Brunner's glands following prostaglandin E2, and hormone stimulation, but without direct confirmation that bicarbonate emanated from the glands (68) . Indirect approaches using species lacking Brunner's glands have provided some functional insights into transport functions of the gland. Amphibian proximal duodenums devoid of Brunner's glands display high rates of bicarbonate secretion from surface epithelial cells (21) . Moreover, HCl and other luminal agonists, prostaglandin E2, and VIP stimulate bicarbonate secretion in duodenum lacking Brunner's glands (1) . These data do not support a major role for bicarbonate secretion from the glands.
Recent studies have contributed important insights into factors that control secretion and fluid transport in mammalian Brunner's glands (Table 2) . Whether cystic fibrosis transmembrane conductance regulator (CFTR) channel transports chloride or bicarbonate in Brunner's gland is unknown. High levels of apical CFTR coupled with abundant basolateral potassiumcoupled chloride cotransporter 1 (NKCC1) and low expression of basolateral sodium bicarbonate cotransporter (NBCe1) were observed in rat Brunner's glands, suggesting a more predominant role for chloride rather than bicarbonate secretion (40) . Chloride/bicarbonate exchangers (AE2) were localized to the basolateral membranes of mouse Brunner's glands and suggested to be in the subapical pole of Brunner's gland neck cells that empty into the crypt, although convincing evidence for the latter localization was less clear (2) . The water channel aquaporin 5 (AQP5) was recently identified on the apical and lateral domains of acinar cells in rat Brunner's glands, supporting a role in water transport by the gland (67, 77) . The apical sodium hydrogen exchanger 3 (NHE3), which regulates sodium absorption and proton secretion in small intestinal villus enterocytes, is absent from human and guinea pig Brunner's glands (53) . Whether the gland regulates luminal pH by secreting protons through an alternate pathway such as the vacuolar ATPase proton pump is unknown.
In crypt and villus enterocytes of the intestine, second messenger-regulated traffic from endosomes into the plasma membrane is an important mechanism regulating anion transport (4 -6, 18, 39) . Whether second messenger-regulated traffic is also important for fluid transport functions in Brunner's gland is unknown. A recent in vitro study provided evidence for VIP-induced apical traffic of AQP5 in water transport (77) , and cholinergic-dependent trafficking of the exocytic membrane fusion machinery protein Munc18 was demonstrated in Brunner's gland (15) . Furthermore, the presence of CFTR in subapical endosomes (6) and exocytic cellular trafficking machinery including Rab3D, SNAP-23, Munc18c, and syntaxin 4 (15, 107) provide strong evidence in support of exocytic trafficking in regulating ion transport in Brunner's gland.
Detailed mapping of anion transporter distribution and the cellular machinery that regulates transporter functions in the Brunner's glands will be beneficial for elucidating the role of the glands in fluid transport in health and disease. Duodenal luminal pH is abnormally low in cystic fibrosis (CF) because of absent CFTR and defective bicarbonate secretion from the apical membranes of duodenal enterocytes (112, 115) . Although high levels of CFTR were identified in the Brunner's glands, the role of the glands in the pathophysiology of CF disease is unknown. Similarly, the role of Brunner's gland in celiac disease, a disease that targets the duodenum and results in diarrhea and ion transport abnormalities, is unknown.
To gain further insight into the role that transporter trafficking may play in physiological and pathophysiological processes in the Brunner's glands, the present study examined localization patterns of CFTR, NKCC1, NBCe1, the water channel (AQP5) and the proton pump [vacuolar ATPase (VATPase)] in rat Brunner's glands. Following treatment with second messengers (cAMP or carbachol), anion transporters undergo trafficking to the apical or basolateral membranes in rat Brunner's glands, suggesting that regulated traffic is an important mechanism that controls anion and water transport in the gland. The distribution profiles of CFTR, NKCC1, NBCe1, V-ATPase, and AQP5 were also examined in human duodenal tissues from 1) healthy controls, 2) celiac disease, and 3) the most common disease-producing mutation in CF (⌬F508CFTR). The data indicate that CFTR, NKCC1, NBCe1, AQP5, and V-ATPase protein are present in rat and human Brunner's gland. However, their profiles appear to be downregulated in CF and celiac disease.
MATERIALS AND METHODS

Reagents and antibodies.
Three independent anti-CFTR antibodies were used in this study. AME4991 is an affinity-purified, rabbit polyclonal antibody raised against the carboxy-terminal peptide of rat CFTR (3). The anti-CFTR mouse monoclonal antibody 217 was obtained from Dr. John Riordan (University of North Carolina-Chapel Hill, and Cystic Fibrosis Foundation Therapeutics). The monoclonal mouse antibody M3A7 raised against the COOH-terminus of human CFTR was purchased from Chemicon International (Temecula, CA). The electrogenic Na ϩ /HCO 3 Ϫ cotransporter 1 (NBCe1) antibody was a gift from Dr. Walter Boron (Case Western Reserve University). The human monoclonal antibody (T4) generated against the human K ϩ / Cl Ϫ cotransporter 1 (NKCC1) was acquired from the Developmental Hybridoma Bank (University of Iowa). The V-ATPase subunit V1E2, chicken IgY polyclonal antibody (anti-ATP6V1E1) and ␤-actin were purchased from Sigma Aldrich (St. Louis, MO). AQP5 was purchased from Alomone Labs (Jerusalem, Israel), and the rabbit polyclonal early endosome antibody EEA1 was purchased from Affinity BioReagents (Golden, CO). Fluorescent-tagged secondary antibodies were purchased from Invitrogen (Carlsbad, CA) and Jackson ImmunoResearch Laboratories (West Grove, PA). N 6 ,2=-O-dibutyryladenosine 3=,5=-cyclic monophosphate sodium salt (dibutyryl cAMP) and carbamoylcholine chloride (carbachol) were obtained from Sigma Aldrich. The PKA inhibitor H-89 dihydrochloride was purchased from Calbiochem/EMD Millipore (Billerica, MA).
Animal preparation. Rodent studies were approved by the Institutional Animal Care and Use Committee at Yale University School of Medicine. Adult male Sprague-Dawley rats (250 -300 g body wt, Charles River Laboratories, Wilmington, MA) were fasted overnight with access to water. Each rat was anesthetized with Inactin (thiobutabarbital sodium salt) (120 mg/kg), administered by intraperitoneal injection. The abdomen of anesthetized animals was opened, the duodenum was identified, and loops were created with sutures. The loops were filled by injection with warm saline, 1 mM dibutyryl cAMP, or 10 M carbachol for 30 min. Loops were also pretreated with the PKA inhibitor H-89 (10 M) for 30 min prior to treatment with dibutyryl cAMP (1 mM) for 30 min. The abdomen was closed and the animal was kept warm (37°C) on a 37°C heating pad. Duodenal loops were removed 30 or 60 min later and flushed with cold phosphate buffer solution (PBS). Tissues were processed for immunofluorescence microscopy. Each animal was euthanized at the end of the experiment with an overdose of Inactin.
Tissue preparation. The preparation of tissue blocks was performed as previously described (40) . Rat duodenum segments were fixed with 2% (wt/vol) paraformaldehyde for 1 h at room temperature. Tissues were cryo-protected with 30% sucrose in PBS overnight at 4°C, embedded in Tissue-Tek OCT embedding medium (Miles Laboratory, Elkhart, IN) and frozen in isopentane precooled with liquid nitrogen. Tissue blocks were stored at Ϫ20°C until sectioned. Blocks were sectioned on a Leica 1900 microtome into 5-m sections, placed on coated slides (Fisher Scientific), and stored for future use at Ϫ20°C.
Immunofluorescence labeling and confocal microscopy. Fluorescence immunolabeling was performed as described previously (40) . Cryostat sections were rehydrated in PBS. To minimize autofluorescence, sections were treated with 1% sodium borohydride for 20 min and washed with PBS. Sections were blocked in 10% goat serum, 0.5% bovine serum albumin, 0.15% glycine, and 0.1% Triton-X for 1 h, followed by washes with PBS. Sections were incubated with primary antibodies overnight at 4°C, with the exception of NKCC1 antibodies, which were incubated for 15 min at room temperature. Control sections were labeled with the respective nonspecific IgG antibodies. The following day, sections were washed with PBS, incubated with the appropriate secondary antibodies for 1 h at room temperature, stained with 1% Hoechst nuclear stain, and mounted in Slow Fade medium (Molecular Probes, Eugene, OR). When monoclonal CFTR and polyclonal AQP5 antibodies were employed on the same tissue section, sequential labeling was performed as follows: sections were incubated with the mouse monoclonal anti-CFTR antibody overnight at 4°C, labeled with the appropriate secondary antibody the following day, and incubated with Fab IgG fragments overnight. The next day, the same sections were incubated with the rabbit polyclonal AQP5 antibody for 2 h at room temperature and the appropriate secondary antibody for 1 h at room temperature. Immunolabeled sections were viewed on a Zeiss LSM 510-META laser scanning confocal microscope using ϫ20 and ϫ63 objectives.
Fluorescence intensity image analysis. Confocal images were taken at ϫ63 magnification with uniform exposure times. CFTR, NKCC1, 
ϩUpper crypt. NBCe1, AQP5, and V-ATPase fluorescence intensities were determined in at least four different images, each containing at least four Brunner's glands. Analyses were performed as previously described by use of Adobe Photoshop CS4 (40) . Fluorescence intensity levels were measured by selecting regions of interest in the apical membrane (AQP5, CFTR, and V-ATPase), the basolateral membrane (AQP5, NKCC1, and NBCe1), and the intracellular pole (AQP5, NKCC1, NBCe1, and V-ATPase). To select the region of interest, the circular brush tool was set at 100% hardness, and 2.0-m-thick areas were traced on the apical or basolateral membrane. For intracellular membrane fluorescence, 3.0-m-thick areas were traced closely to the basolateral membrane. Using the advanced "Analysis and Record Measurements" tools in Adobe Photoshop CS4 Extended, we recorded the pixel intensities (mean gray value) for the selected areas. Analysis of colocalization was performed on confocal images of double-labeled duodenum sections containing Brunner's glands by using Image J software as described previously (52) . CFTR/F-actin or CFTR/AQP5 colocalization at the apical domain was measured by comparing the CFTR mean pixel levels to CFTR/F-actin or CFTR/ AQP5 mean pixel levels as described previously (52).
Statistics. Measured values are expressed as means ϩ SE. Significant differences were determined by a Student t-test, and a P value of Ͻ0.05 was determined to be significant.
Human duodenum tissues. Human tissues were collected with the approval of the Yale University Institutional Review Board. Healthy controls and tissues from diagnosed celiac disease were identified from the Yale University Department of Pathology databases. CF (⌬508 CFTR) duodenal biopsy specimens were obtained from the National Disease Research Interchange (NDRI, Philadelphia, PA). For this study, human duodenal biopsies (three from each condition) from healthy controls, celiac disease, and CF disease were analyzed.
Histology. Proximal rat duodenum, healthy controls (normal) and disease-affected human duodenum were fixed in 10% buffered formalin, embedded in paraffin, sectioned (5-m-thick sections), and mounted onto Superfrost-coated slides (Fisher Scientific, Pittsburgh, PA). Conventional hematoxylin and eosin stains were performed as described previously (3).
Immunohistochemistry. Sections from healthy controls and diseaseaffected human proximal duodenum were deparaffinized in xylene and rehydrated through ethanol to distilled water. Antigen retrieval was performed with citrate buffer (DAKO, Carpinteria, CA) for 30 min. Endogenous peroxidase was blocked with 3% hydrogen peroxide for 5 min at room temperature. The slides were rinsed with Tween-20-Tris-buffered saline solution between each of the following steps. The sections were incubated with primary antibodies (CFTR, NKCC1, NBCe1, V-ATPase, and AQP5) for 30 min or overnight at 4°C. The antibodies were then detected by use of Envisionϩ (K4001, DAKO). Diaminobenzidine was used to detect the antibody complex (K3468, DAKO). Negative control sections were incubated with isotype-matched immunoglobulins. The slides were subsequently counterstained with hematoxylin, dehydrated, and coverslipped with resin mounting media. Immunolabeled sections were examined by light microscopy on an Olympus BX51. Digital images were acquired with an Olympus DP72 camera using Olympus DP2-BSW software.
RESULTS
Histology of rat and human proximal duodenum. Rat and human Brunner's gland histology have been documented (50, 58) . In this study, histological examination was performed to provide orientation of Brunner's gland morphology in normal rat, in healthy human duodenum, and in tissues from two human diseases that affect the duodenum: CF and celiac disease. Examination of hematoxylin and eosin-stained sections from rat and normal human proximal duodenum revealed no major morphological defects ( Fig. 1 and 2A) . In rat and human proximal duodenum, Brunner's glands were observed deep within the submucosal layer below the crypts, consisting of clusters of branched and coiled tubules with the lumen that opened into the base of the duodenal crypts. Acinar cell size and shape were heterogeneous with the nuclei positioned at the base of cells. One of the characteristic features of celiac disease is inflammation that results in blunted villi and crypt hyperplasia that was evident in stained sections (Fig. 2B) . In human celiac and CF (⌬508 CFTR)-affected duodenum, the Brunner's glands and crypt appeared intact, but villus architecture was not preserved (Fig. 2, B and C, left) . Similar to studies that reported dilations and distention of duodenal Brunner's glands in human CF (74) and CFTR Ϫ/Ϫ (95) mice, we also observed that human CF Brunner's glands were elongated with flattened nuclei (Fig. 2C, right) .
cAMP and carbachol-induced apical trafficking of CFTR in rat Brunner's glands. Previous studies from this laboratory demonstrated high levels of CFTR in the apical domain of rat Brunner's glands and confirmed CFTR localization on the membranes of subapical vesicles within the gland at steady state (6, 40) . This subcellular distribution for CFTR in Brunner's gland is consistent with its regulation by second messenger traffic, similar to what was demonstrated in crypt and villus enterocytes (4, 6, 39) . Since 1) the glands possess cellular machinery to regulate transporter traffic (15, 107) ; 2) cAMP and carbachol regulate anion secretion and trafficking of ion transporters, including CFTR in the intestine (40) ; and 3) carbachol has been shown to stimulate protein traffic in the glands (15) , the present study used confocal microscopy with immunofluorescence techniques to examine whether CFTR undergoes cAMP and carbachol-regulated trafficking in the Brunner's glands.
The distribution of anion transporters was examined in cryosections from proximal rat duodenum doubled labeled with CFTR antibodies and phalloidin (to delineate apical F-actin and the brush border) following treatment with saline, 1 mM dibutyryl cAMP, or 10 m carbachol in vivo. Consistent with our previous observations (40) , CFTR was observed in the apical domain of the Brunner's glands (Fig. 3A) . cAMP and carbachol treatment increased apical CFTR fluorescence intensity (Fig. 3, B and C) , similar to our observations in the stimulated small intestine (39) . Stimulation with agonists significantly increased CFTR/F-actin colocalization (Fig. 3D) . To confirm that CFTR was present in endosomes, rat duodenum sections were double labeled with the early endosome marker EEA1. CFTR was confined to early endosomes near the lateral membranes of the glands (Fig. 3E) .
AQP5 colocalizes with CFTR and undergoes cAMP-regulated traffic to the apical membrane of rat Brunner's glands.
The aquaporin family of membrane-bound water channels regulates fluid transport across the apical surface of polarized epithelium (62, 108, 109) . Several aquaporin (AQP) isoforms (AQP 1, 3, 5, 7, 8, and 9) have been localized to select membrane domains of intestinal enterocytes (13, 20, 49, 55, 56, 66, 73, 78, 86, 99) . AQP5 was localized to the apical and lateral membranes of rat Brunner's glands (77, 78) . Consistent with previous observations (77, 78) , AQP5 was localized to the Brunner's glands but was distinctly absent from the crypts in the duodenum (Fig. 4A) . Detailed examination revealed that AQP5 predominately localized to the apical domain of the gland (Fig. 4B) , with staining at the lateral membrane (Fig. 4,  A and B) . AQP5 was also identified in vesicular compartments within the gland in separate studies (77) . To determine whether AQP5 is in endosomes, similar to CFTR (6), rat sections containing Brunner's glands were double labeled with antibodies against the early endosome marker EEA1 and against AQP5. AQP5 was detected in early endosomes in the subapical domain and near the lateral membranes (Fig. 4C) . Endosomes are abundant in the gland; however, the ability to detect colocalization of membrane transporters by immunolabel depends on many factors including the kinetics and abundance of endocytosis of the transporter in question, antigenicity, fixation, and orientation of section. Both CFTR and AQP5 possess target sequences for cAMP PKA, suggesting that PKA may regulate cAMP-stimulated traffic of CFTR and AQP5 to the cell surface (27, 77) . The shared apical distribution of AQP5 and CFTR suggests that both transporters could be in the same compartments within the gland and function synergistically to regulate fluid secretion. To test whether AQP5 and CFTR are in the same compartments, functionally linked and undergo regulated traffic to the apical membrane, colocalization studies examined the distribution of AQP5 and CFTR in Brunner's gland following treatment of rat proximal duodenum with saline or 1 mM dibutyryl cAMP. To examine the role of PKA in regulated trafficking of CFTR and AQP5 in the Brunner's glands, rat duodenum was pretreated with the protein kinase A inhibitor H-89, followed by dibutyryl cAMP, and the distribution patterns of CFTR and AQP5 were examined. At steady state (saline), CFTR colocalized with AQP5 at the apical domain but not at the lateral membranes of the gland (Fig. 5A) . cAMP treatment resulted in robust recruitment of CFTR and AQP5 to the apical domain of the gland that was reflected by increased colocalization of AQP5 and CFTR at the membranes of Brunner's gland cells (Fig. 5B) . Increased apical membrane label for CFTR was accompanied by concomitant decrease in subapical CFTR fluorescence labeling (Fig. 5B) . AQP5 trafficking was primarily observed in the apical domain, but some lateral membrane labeling was also detected. The PKA inhibitor was effective in inhibiting cAMP-dependent trafficking of CFTR and AQP5 to the apical surface (Fig. 5C ). Figure 5D reflects the percentage of fluorescence intensity of CFTR or AQP5 at the apical and lateral membranes as well as in the subapical compartments at steady state and under stimulated conditions. As predicted, there was a significant increase in CFTR/AQP5 colocalization at the apical membrane in cAMP-stimulated glands that was abrogated in the presence of the PKA inhibitor.
cAMP regulates trafficking of NKCC1 and NBCe1 to the basolateral domain in rat Brunner's glands. Rat Brunner's glands express the basolateral sodium-and potassium-coupled chloride cotransporter NKCC1 and low levels of the sodium bicarbonate cotransporter NBCe1 (40) . But the role of NKCC1 and NBCe1 in regulating fluid secretion from the gland is unknown. Because cAMP activates fluid transport by NKCC1 and NBCe1 traffic in enterocytes, the distribution of both transporters was examined in the glands following treatment of rat proximal duodenal tissues with saline or 1 mM dibutyryl cAMP. Cryosections of rat duodenum were immunolabeled to detect NKCC1 and NBCe1 and were examined by confocal microscopy (Fig. 6 ). Similar to our previous observations (40), NKCC1 and NBCe1 staining were observed on the lateral membrane and in intracellular compartments in the Brunner's glands in saline-treated tissues. cAMP treatment resulted in significantly increased NKCC1 and NBCe1 fluorescence intensity at the basolateral domain that was accompanied by decreased fluorescence intensity in intracellular compartments (Fig. 6, A-C) , as confirmed by quantification analysis (Fig.  6C ). NKCC1 and NBCe1 were detected in EEA1-positive endosomes in close proximity to basolateral membranes (Fig.  6, D and E) . cAMP-induced trafficking of CFTR and V-ATPase in rat Brunner's gland. CFTR undergoes cAMP-mediated trafficking from subapical endosomes into the apical membrane of crypt and villus enterocytes in the intestine (4 -6). In the epididymis, cAMP stimulates traffic of the vacuolar proton pump V-ATPase into the apical membrane to regulate luminal pH (79) . We observed that CFTR and V-ATPase colocalize and undergo cAMPregulated trafficking to the apical membrane in the intestine (A. Collaco and N. Ameen, unpublished observations). Since the Brunner's glands lack the apical sodium-proton exchanger NHE3 (53) , and no other proton pump has been identified in the gland, antibodies were used to examine the distribution of the V-ATPase proton pump. Following treatment of proximal rat duodenum with saline or 1 mM dibutyryl cAMP, tissue sections were immunolabeled with CFTR and V-ATPase (V 1 E) antibodies and examined by confocal microscopy (Fig. 7) . In salinetreated tissues, V-ATPase staining was detected throughout the cytoplasm with increased label in the apical region of Brunner's gland (Fig. 7A, left) . CFTR was observed in the apical domain and in subapical compartments in the gland (Fig. 7A,  top middle) . Following cAMP treatment, V-ATPase fluorescence intensity increased and colocalized with CFTR at the apical domain of the gland (Fig. 7B) . As expected, apical label for CFTR also increased following cAMP treatment (Fig. 7B,  middle) . Merged images illustrate regions of CFTR and VATPase colocalization at the apical domain. Quantification of changes in CFTR and V-ATPase fluorescence intensity in the apical domain and subapical compartment are shown in Fig.  7 , C and D. Although we observed an increase in apical CFTR/V-ATPase colocalization by labeling in the Brunner's glands following cAMP, quantitative analysis revealed that the difference in V-ATPase fluorescence intensity in the apical domain or subapical compartments of the Brunner's gland was not significant compared with saline-treated tissues (Fig. 7C) . The changes in CFTR fluorescence intensity in saline-vs. cAMP-treated duodenum (Fig. 7D) were similar to our findings for the experiments examining the Fig. 6 . cAMP-regulated basolateral trafficking of sodiumpotassium-coupled chloride cotransporter 1 (NKCC1) and sodium-bicarbonate cotransporter (NBCe1) and localization in endosomes in rat Brunner's glands. Cryostat sections of rat proximal duodenum treated with normal saline and 1 mM dibutyryl cAMP were immunolabeled with antibodies against NKCC1, NBCe1, and the endosome marker EEA1. Immunolabeled sections were viewed by confocal microscopy as described in MATERIALS distribution of CFTR/AQP5 in saline-and cAMP-treated duodenum (Fig. 5) .
AQP5 is on the apical domain of human Brunner's glands. The data from this study and other published studies reveal that AQP5 is localized to the apical and lateral membranes of rat Brunner's glands (77, 78) . AQP5 is also on the apical membranes of rat salivary and lacrimal glands, apical and basolateral membranes of mouse, and human excretory portions of sweat ducts (70) . The distribution of AQP5 in human duodenum and Brunner's glands is unknown. Immunohistochemical staining was performed on normal human duodenum with the same anti-AQP5 antibody employed in rat localization studies. Consistent with the observations in rat tissues, AQP5 staining was detected at the apical domain but not on the lateral membranes of the glands in normal human duodenum and, similar to the observations in rat duodenum, AQP5 staining was absent from human duodenal crypts (Fig. 8) .
Brunner's gland anion transporter and AQP5 distribution profiles are downregulated in human CF (⌬508 CFTR) and celiac disease. Little is understood regarding fluid and water transport in human Brunner's glands and alterations that may contribute to pathophysiological disease states. To gain insight into the role of anion transporters in human Brunner's gland in health and disease states, anion transporters (CFTR, NKCC1 and NBCe1, V-ATPase) and AQP5 distribution profiles were examined in tissues from healthy human duodenum, CF (⌬508 CFTR), and celiac disease tissues (Figs. 9-11 ). Both CF and celiac disease target the proximal duodenum. In the genetic disease CF, failure of mutant CFTR to traffic to into the apical membrane of epithelial cells leads to lack of bicarbonate secretion and hyperacidity in the proximal duodenum (31, 115) . The most common disease-producing mutation in human CF is ⌬508 CFTR. In celiac disease, sensitivity to gliadin-and gluten-containing foods leads to duodenal inflammation, villus blunting, crypt hyperplasia, malabsorption, and diarrhea (28, 81) .
To compare localization and staining patterns of transporters, immunohistochemical staining was performed on all duodenal sections under uniform conditions and antibody dilutions. In tissues from normal healthy controls and celiac disease, CFTR labeling was detected in the apical domain of the crypts and the Brunner's glands, but apical label was reduced in celiac Brunner's gland (Fig. 9, A and B) . As expected, no CFTR staining was detected in epithelial cells, including Brunner's gland in CF (⌬508 CFTR), affected human duodenum (Fig. 9C) . In normal, celiac disease, and proximal human CF duodenum, AQP5 label was detected at the apical membranes but not at the basolateral membranes of Brunner's glands or in the crypts (Fig. 9, D-F) . AQP5 labeling was reduced in CF and celiac Brunner's gland. Labeling for the chloride and bicarbonate cotransporters NKCC1 and NBCe1 was detected at the basolateral membranes and intracellular compartments of both crypts and Brunner's glands (Fig. 10, A , B, D, and E) in normal and celiac disease duodenum. In CF duodenum tissues, weak staining for NKCC1 and NBCe1 was observed in the basal but no label was detected on the lateral membranes of Brunner's gland, although some intracellular staining was observed within acinar cells (Fig. 10, C and F) . More intense staining of NKCC1 and NBCe1 was observed in intracellular compartments in the crypts. Consistent with our immunofluorescence localization in rat Brunner's gland, strong diffuse intracellular staining of acinar cells was observed in normal human Brunner's gland with V-ATPase proton pump antibody, with reduced staining in the crypt. Levels of V-ATPase staining were reduced in Brunner's glands from tissues affected with celiac disease, although crypt staining was not reduced compared with normal (Fig. 11, A and B) . The pattern of V-ATPase staining in CF tissues was different from normal and celiac disease. Staining was cytoplasmic and higher in crypt compared with that of Brunner's gland. V-ATPase staining was reduced compared with normal but detected diffusely within the acinar cells but more prominent at the cell bases in CF Brunner's gland (Fig. 11, A-C) . Images of negative control sections confirmed specificity of antibody staining (Fig. 11,  D-F) . Overall, the distribution of anion transporters in celiac disease and CF proximal human duodenum, including the Brunner's glands, resembled that of normal tissues except that staining was weaker under the same conditions. However, the Brunner's gland staining for AQP5 was reduced in celiac disease and CF compared with healthy controls.
DISCUSSION
Brunner's glands in the proximal duodenum secrete glycoproteins and antimicrobial peptides that are important for epithelial barrier functions. Although advancements have been made in understanding the role of the gland in fluid transport and bicarbonate secretion (48, 69) , information is limited. The anatomic location of the glands deep beneath the crypts within the proximal duodenum presents technical challenges for directly accessing the glands for functional ion transport investigations. Furthermore, confirmation that Brunner's glands is the direct source of bicarbonate secretion is difficult since duodenal villus enterocytes within the same epithelium are capable of robust bicarbonate secretion in response to agonists including cyclic nucleotides, VIP, and luminal acid (1, 36, 43) . Despite the recognized limitations, localization studies have recently provided important insights supporting a role for the glands in regulated fluid and water transport.
Second messenger-regulated membrane traffic is an important mechanism regulating ion transporter localization and functions in the native intestine. To gain further insight into potential fluid transport functions of Brunner's gland in health and disease, and to understand mechanisms that may regulate anion transporter functions, the present study examined the distribution patterns of clinically relevant anion transporters that are present in the duodenum: CFTR, NKCC1, NBCe1, the water channel AQP5 and the vacuolar ATPase proton pump. To determine whether trafficking regulated transporters in the gland the distribution of transporters was examined in rat Brunner's glands under steady state conditions and following cAMP or cholinergic stimulation (carbachol). The study also examined and compared the distribution of anion transporters, AQP5 and V-ATPase in tissues from healthy human proximal duodenum, and human duodenum in celiac disease and CF (⌬508 CFTR). Overall, the localization patterns of transporters and channels and their redistribution patterns following second messenger stimulation (Fig. 12 ) support functional transport of chloride, bicarbonate, water, and protons by second messenger-regulated traffic in mammalian Brunner's glands under physiological and pathophysiological conditions.
Distribution of anion transporters in Brunner's glands. To better understand how Brunner's gland transport functions may differ from crypt and villus enterocytes in the proximal duodenum, the distribution of transporters was examined and compared (Table 3) . CFTR, NKCC1, NBCe1, AE2, and VATPase were present in the Brunner's glands, crypt, and villus enterocytes, albeit at varying levels of expression. NHE3 was distinctly absent in the Brunner's glands and lower crypt, whereas AQP5 was present in the Brunner's glands but absent from crypt and villus enterocytes. Our previous studies identified high levels of CFTR in the apical domain and used ultrastructural localization to confirm that CFTR is in subapical endosomes within acinar cells of rat Brunner's gland (6, 40) . Similar to what was demonstrated in enterocytes, the subcellular distribution of CFTR in rat Brunner's gland is consistent with a role for regulated traffic in CFTR-mediated anion secretion from the apical membrane. High levels of apical CFTR chloride channels and NKCC1, coupled with low levels of NBCe1, were identified in rat Brunner's gland (40) . CFTR can transport chloride and/or bicarbonate through the apical membrane of intestinal epithelial cells. Preference for chloride or bicarbonate secretion appears to be dependent on apical chloride-bicarbonate exchangers and basolateral counterpart chloride/bicarbonate transporters in specific cell types. In duodenal villus enterocytes that express high levels of NBCe1, apical CFTR regulates bicarbonate secretion in response to cyclic AMP and luminal acid (35, 92) . Identification of chloride/bicarbonate exchangers on the basolateral membranes provides important pathways for regulating bicarbonate transport in the glands. The presence of both apical and basolateral membrane chloride and bicarbonate transporters in the gland suggest that Brunner's gland possesses functional plasticity to transport both anions upon appropriate agonist stimulation similar to cells along the crypt-villus axis (40) .
The transepithelial movement of water in epithelial cells is dependent on water channels or aquaporins (108) . In the intestine, distinct aquaporin family members (AQP1, AQP3, AQP4, AQP7, AQP8 and AQP9) (but not AQP5) are present in goblet cells, endothelial cells, villus, and crypt enterocytes (49, 55, 62, 66, 100) . However, AQP5 appears to be specific to the Brunner's gland and has not been localized to enterocytes. Consistent with previous observations (67, 77, 78) , we found that AQP5 was detected primarily at the apical membrane and in intracellular endosomes in the rat Brunner's glands and on the apical and lateral membranes of human Brunner's glands. AQP5 is likely to be in endosomes in human glands, similar to the observations in rat, but was not detected, most likely because of limits in antigen detection by immunohistochemical approaches.
The V-ATPase pump is a multisubunit enzyme complex that mediates ATP-driven proton transport across membranes (11, 64, 72) . Functional expression of subunits and isoforms of V-ATPase is cell and tissue specific (98) . V-ATPase performs a number of housekeeping functions in the cell and is an important regulator of intraorganelle pH (71, 72) . The identification of high expression levels of V-ATPase proton pumps in both human and rat Brunner's glands in this study is a new finding. Diffuse staining for V-ATPase pumps was observed throughout the cytoplasm of Brunner's gland acinar cells, with enrichment of apical membrane staining. Brunner's glands secrete glycoproteins, possess abundant protein synthesis machinery and organelles, thus V-ATPase pumps may contribute important functions for maintaining organelle homeostasis and pH regulation in the gland. Proton movement across the membrane and the maintenance of luminal pH in the small intestine is dependent on Na ϩ /H ϩ exchangers. Inhibition of NHE3 in the small intestine by amiloride failed to eliminate luminal acidification, suggesting the presence of an alternative H ϩ pump such as V-ATPase (83) . This scenario may also apply in the Brunner's gland, where V-ATPase may function to balance intracellular and luminal pH in the absence of apical NHE3, but this requires further investigation.
Trafficking of anion transporters, proton pumps, and water channels by cAMP or carbachol into the plasma membrane of rat Brunner's gland. The relationships or mechanisms linking specific anion transporters to Brunner's gland functions have not been demonstrated. Although the nature of this study precluded direct measurements of anion transport on basolateral or apical membranes, this study demonstrated anion transporters in intracellular endosomes and regulated traffic into the plasma membranes of rat Brunner's glands following cAMP or cholinergic stimulation. Data provided here indicated that CFTR undergoes traffic from subapical endosomes into the apical membranes of rat Brunner's gland following both cAMP and carbachol. This response is similar to what was observed along the crypt-villus axis in the rat proximal small intestine, indicating that activation of CFTR occurs following both second messengers (40) . Whether carbachol-stimulated CFTR traffic results from cross activation of cAMP pathways is unknown. However, Brunner's glands are under the control of the sympathetic nervous system and innervated by vagal nerves. Both cholinergic and acetylcholinesterase axons are found close to the gland and could regulate secretory activity (54) . Carbachol or carbamylcholine activates acetylcholine receptors to release acetylcholine and activate secretion, since cholinergic stimulation leads to exocytosis of mucins from the glands (15) .
CFTR anion secretion has been linked to aquaporin family members in epithelial tissues including the bile duct epithelium (103) and epididymis (14, 80) . AQP5 associates with CFTR in the intercalated ducts of the pancreas, an epithelial tissue that actively secretes bicarbonate (12) . Whether intestinal aquaporins (AQP 7, 8, and 11) are functionally linked to CFTR in enterocytes remains unknown. CFTR and AQP5 were previously identified in subapical vesicles within rat Brunner's gland (40, 77) in separate studies, although the specific vesicular compartments housed by each transporter was unknown. Regulated traffic of AQP5 into the apical plasma membrane with concomitant apical exocytosis of granules was demonstrated following administration of the cAMP-mediated hormone VIP in rat Brunner's gland, indicating an important role for cAMP-regulated traffic in water secretion from the apical membrane of the glands (77) . Interestingly, intravenous VIP stimulated robust traffic of CFTR from subapical endosomes into the apical membrane of duodenal villus enterocytes (5) . The data provided in this study, that CFTR and AQP5 colocalize and traffic together into the apical membrane of rat Brunner's gland following cAMP stimulation and that movement into the apical membrane is reversed by PKA inhibition, indicate that CFTR-mediated anion secretion is linked to AQP5 in Brunner's gland and regulated by cAMP-dependent traffic. This observation is consistent with published studies of CFTR translocation in the jejunum (27) and the suggestion that PKA may regulate AQP5 redistribution in the glands (77) . These data suggest that PKA-dependent traffic of CFTR and AQP5 to the apical membranes of the Brunner's glands provides a parallel pathway for electrolyte secretion and osmotic water movement.
The novel observations in the present study that NKCC1 and NBCe1 undergo trafficking into the basolateral membranes of rat Brunner gland cells is consistent with chloride and bicarbonate secretory responses of both transporters in enterocytes (7, 18, 30, 39, 40, 84) . Interestingly, cAMP-activated recruitment of NKCC1 and NBCe1 to the basolateral membranes in rat Brunner's glands was robust but a significant fraction of NKCC1 and NBCe1 label remained in the cytoplasm of acinar cells following stimulation. This suggests that some vesicles may not respond to cAMP and perhaps respond to calcium or cholinergic agonists. Alternatively, these vesicles may recycle to and from the plasma membrane. Further characterization of the vesicle population is required, since the early endosome marker EEA1 labeled only a small fraction of the vesicles associated with either transporter.
In other epithelial tissues, V-ATPase regulates luminal pH by cAMP-mediated trafficking of the pumps into the plasma membrane (79) . Assembly of V-ATPase subunits appears to be important for its activity on the plasma membrane of epithelia. Antibodies raised against the E subunit were associated with cAMP-regulated apical membrane traffic and luminal acidification, although other membrane-associated subunits (V o a1, V o a2, V o a3) are classically associated with membrane traffic of the pump in epithelia (33, 90, 104) . There was no apparent association of V-ATPase pumps with CFTR in the cytoplasm, but some colocalization was observed with CFTR at the apical domain at steady state. cAMP treatment resulted in some visible increase in CFTR/V-ATPase colocalization compared with saline-treated tissues by immunostaining although the difference was not statistically significant. The lack of difference could be due to the relatively imprecise methods used for measuring fluorescence intensity that may exclude apical brush border regions. The behavior of V-ATPase and CFTR in response to cAMP activation in rat Brunner's gland is similar to our observations in rat enterocytes, where we observed a dependence of V-ATPase pump function on CFTR channels (Collaco AM, Ameen NA, unpublished observations). The observations in this study suggest that there is a common trafficking pathway for CFTR and VATPase in the Brunner's gland.
Relevance of transporter localization in disease affected human Brunner's glands. Diseases that specifically target the Brunner's glands are rare. Clinical studies have shown that adenomas and hyperplasia of the glands can lead to tumors. Furthermore, histological examination of tissues from patients with gastric ulcers identifies hyperplasia of the glands near these ulcers that is associated with impaired duodenal bicarbonate secretion (25) . Studies examining the localization of anion transporters and channels in human Brunner's glands are lacking but necessary to elucidate the role of the gland in the pathophysiology of human intestinal diseases. Although AE2 has been identified in mouse Brunner's gland, the data in this study demonstrate that the glands possess specific transporters (CFTR and NBCe1) for bicarbonate entry and exit paths in human Brunner's glands. AQP5 was almost absent in celiac disease-affected human Brunner glands, whereas AQP5 staining in CF was reduced compared with healthy controls. NKCC1, NBCe1, and V-ATPase were markedly downregulated in both celiac disease-and CF-affected human Brunner's glands, but V-ATPase accumulated on the basal pole of CF acinar cells.
Celiac disease is a common chronic inflammatory disorder of the small bowel caused by ingestion of proline-rich proteins from wheat, rye, and barley. In the duodenum, celiac disease is characterized by markedly increased inflammatory cells in the lamina propria, flattened villi, and crypt hyperplasia that is associated with malabsorption and diarrhea in susceptible individuals (28, 81) . Very little is known regarding the role of intestinal transporters in the pathophysiology of human celiac disease. The reduced anion transporter profiles observed in human Brunner's glands from celiac disease-affected duodenum in this study are consistent with the findings of a recent study of human duodenal tissues from patients with active celiac disease, although Brunner's gland was not examined in that study (57) . The reduction in expression of absorptive transporters including NHE3 and SGLT1 in celiac diseaseaffected duodenum (excluding the Brunner's glands) is consistent with a decrease in absorptive functions and loss of villi that could account for diarrhea in celiac disease (57) . The celiac disease-affected duodenal tissues examined in this study lacked intact villi and contained numerous inflammatory cells, which is consistent with the morphology observed in celiac disease. The functional implications of our findings of reduced transporter expression (CFTR, V-ATPase, AQP5) in celiac disease-affected human Brunner's glands are unclear at this time, since the ion transport functions of the healthy Brunner's glands are not known.
CF is an autosomal recessive genetic disorder that affects a variety of organs, including the small intestine. In CF patients, lack of functional CFTR on the apical membrane of epithelial cells leads to duodenal luminal hyperacidity and contributes to malabsorption and bacterial overgrowth in the small intestine (112, 115) . In addition, duodenal bicarbonate secretions are reduced in tissues from CF patients (85) . But nothing is known regarding the role of the Brunner's glands in CF pathophysiology. Mutations of CFTR impair chloride and bicarbonate transport that could be critical for normal Brunner's gland physiology and function. The observed downregulation of NKCC1, NBCe1, V-ATPase, and AQP5 in CF Brunner's gland in this study could account for some of the fluid transport defects observed in duodenal CF disease.
The present study provides information about localization of anion transporters in normal and diseased human tissue as a potential basis for future studies to define functional relevance of altered localization or expression. These data provide important insights that advance our understanding of the importance of Brunner's gland in health and disease and suggest an important role for anion transporters and AQP5 in the gland.
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